The Sec61α subunit is the core subunit of the protein conducting channel which is required for protein translocation in eukaryotes and prokaryotes. In this study, we cloned a Sec61α subunit from Penicillium ochrochloron (PoSec61α). Sequence and 3D structural model analysis showed that PoSec61α conserved the typical characteristics of eukaryotic and prokaryotic Sec61α subunit homologues. The pore ring known as the constriction point of the channel is formed by seven hydrophobic amino acids. Two methionine residues from transmembrane α-helice 7 (TM7) contribute to the pore ring formation and projected notably to the pore area and narrowed the pore compared with the superposed residues at the corresponding positions in the crystal structures or the 3D models of the Sec61α subunit homologues in archaea or other eukaryotes, respectively. Results reported herein indicate that the pore ring residues differ among Sec61α subunit homologues and two hydrophobic residues in the TM7 contribute to the pore ring formation. [BMB reports 2011; 44(11): 719-724]
INTRODUCTION
Proteins transport across the endoplasmic reticulum (ER) membrane in eukaryotes or the plasma membrane in eubacteria and archaea (1) . Transportation of proteins occurs through a protein-conducting channel (PCC) with a hydrophobic interior (2) . During translation or posttranslation in eukaryotes, whether the final destination of proteins is the cytosol or membranes, the precursor proteins destined for the ER must be distinguished from those that will remain in the cytosol or that are targeted directly to membranes [for review see (1, 3, 4) ]. To perform this assignment, the PCC must perform and coordinate numerous functions to identify the signal sequences of its substrates, to open in response to them, transport the substrate from one side of the membrane to the other, and finally, close. The PCC is formed by heterotrimeric membrane protein complex called Sec61 complex in eukaryotes and SecY complex in prokaryotes (1) . The heterotrimeric Sec61/SecY complex is composed of a large subunit (Sec61α in mammals, Sec61p in Saccharomyces cerevisiae, and SecY in eubacteria and archaea) and two smaller subunits, β and γ [for a review: (1, 3) ]. The monomeric crystal structure of archaeal SecY complex (5-7), in combination with other cross-linking studies (8, 9) suggest that a single copy of Sec61/SecY complex is sufficient to act as an active PCC, although a dimmer or a tetramer is formed during posttranslational and cotranslational translocation, respectively (9, 10) . Among the subunits of the Sec61/SecY complex, the Sec61α subunit homologue that forms 10 tramsmembrane (TM) spans, plays a direct role in the formation of the translocon and is essential for viability of yeast and eubacteria (1, 11) . The Sec61α subunit forms the pore of the PCC and is in constant contact with the nascent polypeptide chain that passes through the membrane (12, 13) . This subunit is also reported to play role in the degradation of the misfolded secretory proteins from ER to the cytosol (13, 14) . Extensive studies have been on the PCC of mammals and the yeast Saccharomyces cerevisiae and Schizosaccharomyces pombe (1, 3, 4) . However, less is known about the Sec61α subunit of any mycelial fungus although it is predicted that the Sec61α subunit of the Sec61/SecY complex is present in all organisms (1) . In the present study reported herein, we cloned the Sec61α subunit from Penicillium ochrochloron (PoSec61α) and its sequence was characterized based on the bioinformatics tools. To predict and compare the critical structural features which are important for functional properties of the Sec61α subunit homologues, the 3D structural models of PoSec61α were compared with those of Sec61α subunit homologues from other eukaryotes (Saccharomyces cerevisiae, Arabidopsis thaliana and Homo sapiens) and the experimental structures of SecY http://bmbreports.org Fig. 1 . Alignment of amino acid sequence of PoSec61α with those of ScSec61p from S. cerevisiae (accession no. NM_00118 2267), AtSec61a from A. thaliana (AY093047), HsSec61a1 from H. sapiens (AF346602), MjSecY from M. janasschii (AAB98469) and PfSecY from P. furiosus (AAL81925). Amino acids that are identical in all these sequences are shown with a grey background. The bars at the top indicate the ten TM α-helices, TM1-TM10. The cytosolic and the periplasmic connecting loops are labeled C1-C4 and P1-P5, respectively. The amino acid residues shown in the box form the pore ring (see Fig. 4 ). Underlined amino acid residues in loop P1 form the plug domain. Underlined residues within the boxes show the position of R67 and R74. Italicized and underlined amino acid residue in TM7 has been shown in this study to contribute to the pore ring formation (see Fig. 4 ).
from Pyrococcus furiosus and Methanococcus jannaschii.
RESULTS AND DISCUSSION
Cloning and sequence characterization of PoSec61α gene from P. ochrochloron
To isolate the full-length cDNA of the PoSec61α of the Sec61 complex, the cDNA was synthesized from total RNA of P. ochrochloron by reverse transcription-PCR (RT-PCR) and then amplified using degenerate primers that were designed from the highly conserved regions of Sec61α subunit homologues that are found in other eukaryotes. After cloning, sequencing and performing 5´-rapid amplification of cDNA ends (RACE), one gene was identified. BLAST, FASTA and TBLASTN search tools revealed that it was homologous to the Sec61α subunit of eukaryotes. The 1,981 bp cDNA, which encoded the PoSec-61α (DDBJ/EMBL/Genebank accession no. AB636311), comprised a 161bp 5´-untranslated region (5´-UTR), a 1,434 bp open reading frame and a 386 bp 3´-UTR. No introns interrupt the coding sequence. The deduced number of amino acid sequence was 478 with the predicted molecular mass of 521 49.52 Da and pI value 8.45. The deduced amino acid sequence of the PoSec61α formed 10 TM spans and 9 loops, when its secondary structure was analyzed by SOSUI (http://bp.nuap.nagoya-u.ac.jp/sosui/), TMpred (http://www.ch.embnet.org/software/TMPRED_form.html) and the tools of ExPASy (http://kr.expasy.org/tools/) (indicated in Fig. 1 ). Fig. 1 shows the alignment of the PoSec61α and the Sec61α subunit homologues from different organisms. In pairwise alignments based on TBLASTN (http://blast.ncbi.nlm.nih. gov/Blast.cgi) analysis, the amino acid sequence of PoSec61α was 65, 67, 63, 34 and 37% identical to that of the Sec61α subunit homologues of S. cerevisiae (ScSec61p), H. sapiens (HsSec61α), A. thaliana (AtSec61α), M. jannaschii (MjSecY) and P. furiosus (PfSecY), respectively. However, PoSec61α shared only 19% amino acid identity with SecY subunit in Escherichia coli. A phylogenetic analysis of PoSec61α including 25 Sec61α subunit homologues from eukaryotes and prokaryotes confirmed that PoSec61α clustered with the fungal Sec61α subunit homologues and resembled PcSec61α from P. chrysogenum most closely (Fig. 2) .
Structural characterization and comparison of PoSec61α with the Sec61α subunit homologues in other eukaryotes
The X-ray crystal structures of the detergent-solubilized SecY complex from the archaebacteria M. jannaschii (5) and P. furiosus (6) provide significant insight into the function of PCC. We constructed the homology structural models of PoSec61α and its homologues from other eukaryotes. The homology structural models of the PoSec61α, which were based on the 3D structures of PfSecY (6) and MjSecY (5), showed 10 TM α-helices (TM1-TM10), six cytoplasmic (C1-C6) and five periplasmic/luminal (P1-P5) regions (Fig. 3 , models constructed based on the MjSecY are not shown) with the N-and C-termini http://bmbreports.org BMB reports
Fig. 2. Phylogenetic analysis and comparison of PoSec61α with
Sec61α subunit homologues from animals, plants, fungi, archaea and eubacteria. The deduced amino acid sequences of PoSec61α-encoding genes were aligned using the ClustalW computer program (http://clustalw.ddbj.nig.ac.jp/top-e.html) and a phylogenetic tree was constructed using Molecular Evolution Genetic Analysis (MEGA), version 4.0 (23). The evolutionary history was inferred using the Neighbor-Joining method. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) are shown next to the branches and the genetic distance was estimated by the p-distance method. The PoSec61α that we cloned is bold and underlined. The accession numbers of the Sec61α subunit homologues used in the phylogenetic tree (except the six Sec61α subunit homologues shown in Fig. 1 located into the cytosolic site. The N-and C-terminal domains comprising TM1-TM5 and TM6-TM10, respectively, displayed a pseudo-symmetrical structure, having an hourglass-shaped channel in its interior. The 3D model also showed the three regions termed as the central plug that gate the channel from the periplasmic side (6), the lateral gate and the pore ring region.
These three regions have been shown to be functionally important (6, 7, 15) . The plug domain which is essential for efficient protein translocation (15) was formed by the region between the TMs 1 and 2. A part of the plug region was tilted to the center of the pore. While the plug domains of MjSecY and PfSecY share less than 35% amino acid identity, the plug domain of PoSec61α shared about 80% amino acid identity with that of the Sec61α subunit homologues from other eukaryotes, which were shown in Fig. 1 . Moreover, the plug domain of PoSec-61α conserved two hydrophilic Arg residues, R67 and R74 (Fig. 1 ), which were thought to influence the orientation of a signal entering the closed channel in S. cerevisiae (16) . The N-termini of the Sec61α subunit homologues have receptor to recognize the signal sequence bound either to the polypeptide substrate or the ribosome or the SecA (1). Following the insertion of the signal sequence into the channel walls, the polypeptide sequence distal from the signal sequence may move across the pore and keep the plug domain open state (5). However, amino acid sequences shown in Fig. 1 indicate that this plug domain is less conserved (＜15%) between prokaryotes and eukaryotes. Superposition of the 3D structural models of the PoSec61α on the experimental structure of the MjSecY and PfSecY showed that R67 and R74 in PoSec61α are substituted by Q60 and I67, respectively in MjSecY, and by R62 and N70, correspondingly in PfSecY (Data not shown). Therefore, the signal orientation might differ between fungi and archaebacteria. As described previously (5, 6), the lateral gate is formed by http://bmbreports.org
Fig. 4.
Comparison of the pore ring of PoSec61α with that of PfSecY, ScSec61p, AtSec61α, HsSec61α1 and MjSecY. All 3D models (A-D) were constructed based on the experimental X-ray crystal structure of PfSecY. The 3D model of PoSec61α was superposed separately on the structure of PfSecY (A) and the 3D models of ScSec61p (B), AtSec61α (C) and HsSec61α1 (D). In (E), the 3D model of PoSec61α was first constructed with the experimental X-ray crystal structure of MjSecY (PDB code 1RHZ) and then superposed on it. Data presented are top views as seen from the cytosolic aspect along the axis of the pore. The superposed residues that form the pore ring in the superposed structures are shown as sticks. The residues of PoSec61α are shown in red and those of the superposed structures in green. The superposed residue in TM7, which has been proposed in this study to contribute to the pore ring formation, is shown as yellow (in all 3D models of PoSec61α; labeled in black) and magenta (in superposed structures) sticks. The TM α-helices to which the pore ring residues belong are indicated. Black ball indicates the center of the pore area. The RMSD values between the template PfSecY and the model PoSec61α, ScSec61p, AtSec61α and HsSec61α1 was 1.3, 2.12, 1.29 and 1.28 Ǻ, respectively. The RMSD value between the template MjSecY and the model PoSec61α was 2.27 Ǻ (For color indication, see the online version).
relatively short parts of TMs 2 and 3 of the N-terminal half and TMs 7 and 8 of the C-terminal half (Fig. 3) . Because the lateral gate involves the N-and C-terminal halves, the gate may undergo continuous opening and closure. In the presence of the signal sequence, the plug moves towards the back of the channel and there is no longer interaction among the gate's TM segments (6, 17, 18) . The pore ring which is also called the constriction point of the channel (1), was composed of seven hydrophobic amino acid residues (I82, I86, I181, I185, M291, M294, L449) above the plug domain from the cytosolic aspect (Fig. 3, 4 and supplementary Fig. S1 ). Superposition of the 3D models of PoSec61α separately on the experimental structures of PfSecY and MjSecY and the 3D models of ScSec61α, AtSec61α and HsSec61α showed that TMs 2, 5, 7 and 10 contributed to the formation of the pore ring ( Fig. 4 and Supplementary Fig. S1 ). Six hydrophobic amino acid residues have been proposed to form this pore ring (1, 6) . However, we observed that a hydrophobic Met (M291) in the TM7 of PoSec61α corresponded to I287 in PfSecY and I257 in MjSecY, projected to the pore area significantly ( Fig. 4 and Supplementary Fig. S1 ). The amino acid residues at this position in ScSec61p, AtSec61α and HsSec61α are T291, M292 and I289, respectively. Fig. 4 shows that M294, which is conserved in the TM7 of PoSec61α and ScSec61p, notably projected to the center of the pore and narrowed the channel when it was compared with Ile at the corresponding position in HsSec61α, AtSec61α, MjSecY and PfSecY. Together, M294 and M291 in PoSec61α might have influence on the hydrophobic seal provided by the ring region and therefore the lateral gate opening (6) . Superposition of the 3D models further revealed that the pore ring of S. cerevisiae has a hydrophilic Thr residue (T185) in TM5 and a Met residue (M450) in TM10. The corresponding positions in TM5 and TM10 conserve an Ile and Leu, respectively in all other Sec61α subunit homologues that are shown in Fig. 1 and 4 . These data revealed that the pore ring in PoSec61α is more hydrophobic compared to that in ScSec61p, however, less hydrophobic than that in MjSecY or PfSecY. The hydrophobic nature of the ring region combined with the plug domain is necessary to maintain the membrane seal (19) and prevent the transport of ions and solutes (20) . The TM7 is located opposite to TM5 (Fig. 3) . Therefore, using the 3D models, we measured the minimum aperture between the side chain of M294 or Ile at the corresponding position in TM7 and that of the pore ring residue, which is attached to the TM5. Whereas the side chains of I290 and I181 in the PfSecY showed minimum aperture 8.60 Ǻ, the corresponding apertures in the 3D models of PoSec61α, ScSec61p, AtSec61α and HsSec61α were 3.48, 4.13, 5.95 and 5.95 Ǻ, respectively. This data indicated that compared to Ile at the corresponding position, M294 in PoSec61α and also in ScSecY61p decreased the pore aperture. However, widening of the pore is likely required to perform the translocation of the polypeptide chain. Widening of the pore may occur by the movement of the TMs to which the pore ring residues are attached. Flexible Gly-rich loops between TMs 4 and 5 and between TMs 9 and 10 are thought to contribute to the movement of these helices (1) .
Based on the data reported herein, it can be concluded that (1) the PoSec61α gene encodes a transmembrane protein which http://bmbreports.org BMB reports has the typical characteristics of the core component of the translocon complex; (2) the pore ring residues and the hydrophobic nature of the pore ring may differ among Sec61α subunit homologues; (3) despite some disparities, two hydrophobic amino acid residues in the TM7 may project to the pore area, which in combined with other residues in the pore ring might have influenced translocation and selectivity profile of the channel. Although the results of sequence analysis and homology modeling gave the clue of the expected translocation properties of PoSec61α, further comparative biochemical analysis is necessary to establish the functional characteristics and structure-function relationship.
MATERIALS AND METHODS

RNA extraction and cDNA synthesis
Total RNA was extracted from P. ochrochloron using ISOGEN reagent (Nippongene, Tokyo, Japan) and then purified using RNeasy kits and RNeasy minicolumns (Qiagen, Valencia, CA, USA), in accordance with the manufacturer's instructions. Total RNA (5 μg) was converted to cDNA by RT-PCR using SuperScript III RNase H − reverse transcriptase (Invitrogen, USA), using a mixture of oligo(dT)20 as primers, in accordance with the manufacturer's instructions.
Isolation of gene sequence encoding Sec61α subunit
Degenerate primers (forward primer, 5´-CAAAACCCTCAAAC-ACCTACGGT-3´; reverse primer, 5´-TTGACAGGTGATTCGT-GACCTTG-3´) were designed using conserved sequences of Sec61 alpha subunit genes from eukaryotes. PCR was performed with the cDNA as the template using Taq polymerase (TaKaRa Bio, Japan) as described previously (21) . The amplified PCR products were cloned into the pT7Blue T-vector (Novagen, Germany), and then sequenced using an ABI Prism TM 3100-Avant Genetic Analyzer (Applied Biosystems, USA). The sequenced data were analyzed using the following computer programs: Chromas version 2.23, Genetyx_SV_RC_ version 7, BLAST and FASTA. From the sequence information, a reverse gene-specific primer (5´-GGCAGCTGCACTGTCCTCGACAA-GACT-3´) was designed from the 3´-UTR for use in the 5´-RACE technique to obtain full-length cDNA as described previously (21) . The cDNA for 5´-RACE PCR was synthesized from total RNA of P. ochrochloron using the GeneRacer kit (Invitrogen, USA), in accordance with the manufacturer's instructions. The 5´-RACE PCR was done using reverse gene-specific primers mentioned above and the GeneRacer 5-primer (Invitrogen, USA), in accordance with the manufacturer's instruction. The PCR product was cloned and sequenced.
Homology modeling
Homology models were constructed using the Molecular Operating Environment software (MOE 2009.10; Chemical Computing Group, Quebec, Canada). The sequence of each Sec61α homologue was aligned with the conformation of SecY of P. furiosus [Protein Data Bank (PDB) code, 3MP7] or with that of SecY of M. jannaschii (PDB code 1RHZ) using the MOE multiple sequence and structural alignment algorithm, with the structural alignment tool and the BLOSUM62 substitution matrix. The alignment of the Sec61α homologue was based on both sequence and structural homology with the experimentally derived structure of PfSecY or MjSecY. 3D structure models were formed using the MOE homology program, as described previously (22) . In brief, the 3D models were formed based on a segment matching procedure and a best intermediate algorithm, with the option to refine each individual structure enabled. A database of 10 structures, each of which was individually refined to a root-mean-square (RMS) gradient of 1Ǻ, was generated and the best one was chosen as the crude template for further refinement. Comparative analysis of this database of structures showed that most deviations were on the periplasmic side and that the TM α-helices and the amino acid residues in the pore ring were superimposible. The stereochemical quality of the models was assessed by structural analysis using the Protein Report Function of the MOE Protein Structure Evaluation, which searches for disallowed bond angles, bond lengths and side chain rotamers. Those models were then subjected to energy minimization until the RMS gradient became 0.01. The model that best matched these criteria was selected for further use in all structural analyses. The stereochemical quality of the templates and the models was further assessed by PROCHEK program (24) (Supplementary Table  1 ). To evaluate how much the structural models deviate from the template, the root-mean-square deviation (RMSD) value between the template and the model superposed was determined by SuperPose Version 1.0 (25). 
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